ABSTRACT: An experiment was conducted to study the effects of major dietary energy source fed from weaning to ovulation or from ovulation to d 35 of pregnancy on reproductive traits in primiparous sows. Dietary energy sources were used to manipulate the plasma insulin concentration. One hundred thirteen sows were used in a split-plot design. From weaning to ovulation sows were fed at two times maintenance either a diet with tallow (Fat) or maize starch plus dextrose (Starch) as the major energy source. From ovulation onward, sows within each dietary group were alternately reassigned to either the Fat or the Starch diet and were fed at 1.25 times maintenance. Estrus detection was performed three times a day from d 3 to 9 after weaning and sows were inseminated each day of standing estrus. On d 35 of pregnancy, the sows were slaughtered and their reproductive tracts were removed. Plasma insulin concentration was higher in sows fed the Starch-rich diet than in sows fed the Fat-
Introduction
Insulin and IGF-I have been proposed to be intermediates between nutrition and reproduction in pigs. Cox (1997) reviewed the effects of insulin on follicle development, ovulation rate, weaning-to-estrus interval (WEI), and farrowing rate. However, these effects are inconsistent; some studies showed a positive effect of insulin on reproduction, whereas in other studies no effect or 1 The financial support of the Dutch Organization of Scientific Research (NWO), the Product Board for Animal Feed (PDV), and the Product Boards for Livestock, Meat, and Eggs (PVE) is gratefully acknowledged. The authors thank E. Bouwman and F. W. Rietveld for technical assistance during the experiment. 
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rich diet on d 4 after weaning (1.30 vs 0.97 ng/mL, P = 0.08) and on d 32 of pregnancy (1.20 vs 0.51 ng/mL, P < 0.001). Plasma glucose and IGF-I concentration on d 4 after weaning and d 32 of pregnancy did not differ between sows on the two dietary energy sources. The percentage of sows exhibiting estrus within 9 d after weaning was 52 and 67% for the Fat and Starch diet before ovulation, respectively (P = 0.11), whereas the weaning-to-estrus interval was 134 vs 123 h, respectively (P = 0.12). Survival analysis showed that sows fed the Fat-rich diet had a 1.6 times higher risk to remain anestrous until d 9 after weaning than sows fed the Starch-rich diet (P = 0.04). No effect of dietary energy source, either before or after ovulation, on uterine, placental, or embryonal development on d 35 of pregnancy was found. It can be concluded that the dietary energy source provided after weaning can affect the risk of sows to remain anestrous but does not affect uterine, placental, or embryonic traits.
even a negative effect was found. Investigations on the effects of IGF-I have mostly been restricted to follicle development, although some associations have been shown between plasma IGF-I concentration and LH secretion (Pettigrew and Tokach, 1993; Whitley et al., 1995) . This suggests that plasma IGF-I can act at the hypothalamus/pituitary level. Insulin (Ponter et al., 1991; Van den Brand et al., 2000a) and IGF-I concentrations (Van den Brand, 2000) can be affected by dietary energy source. It was also shown that dietary energy source can affect LH pulsatility but did not influence the WEI, ovulation rate, or embryonal survival (Van den Brand et al., 2000a,b) . However, in the latter studies the dietary energy sources were fed from farrowing until d 35 of subsequent pregnancy. Therefore, it is not clear in which phase (lactation, WEI, or pregnancy) dietary energy source is really important for reproduction; effects found during pregnancy may be a result of changes during the WEI or even during lactation (Kemp, 1998) . Therefore, this study was performed to differentiate effects of dietary energy sources fed only between weaning and ovulation or during early pregnancy on reproduction.
Materials and Methods

General Design
One hundred thirteen primiparous sows, in eight batches, were used in a split-plot design. After weaning, the sows were assigned to a diet with either tallow (Fat, n = 56) or maize starch plus dextrose (Starch, n = 57) as the major dietary energy source. When the sows came into estrus, they were checked for ovulation by ultrasonography. From ovulation onward, sows within each diet were alternately reassigned to either the Fat or the Starch diet. Sows were inseminated each day of standing estrus and slaughtered on d 35 of pregnancy. The experiment was conducted during summer 1999. The institutional Animal Care and Use Committee of the Wageningen University approved all experimental protocols.
Animals and Diets
On d 2.6 (range 0 to 7) after farrowing, primiparous Yorkshire × Dutch Landrace sows were weighed and backfat thickness was measured according to the method described by Verstegen et al. (1979) . Briefly, this method of measuring backfat thickness was done in the following way. Two points were put on the back of the sow: the first just behind the forelegs and the second at the last rib. The distance between these two points was divided into three equal parts. In this way four points were obtained. On each side, 6 cm beside these points, backfat thickness was measured, at a total of eight points. The average of these points was used in the calculations.
During lactation, sows were fed liquid feed (calculated nutrient intake: 790 g CP/d, 38 g ileal digestible lysine/d, 1,836 g starch plus sugar/d, 267 g fat/d, and 48 MJ NE/d). Within 2 d after birth, piglets were crossfostered between sows. After a lactation period of 23.6 (SD = 3.3) d, sows weaned 10.1 (SD = 1.3) piglets. On the morning of weaning, sows were deprived of feed and brought from the commercial farm to the experimental farm. Immediately after arrival, sows were weighed and the backfat thickness was measured. Based on the body weight at weaning, the lactational body weight loss, and the backfat thickness at weaning, sows were paired and assigned to one of the two experimental diets. Both diets consisted of the same basal diet with sufficient protein, vitamins, and minerals (Table 1) . To this basal diet either tallow (Fat) or maize starch plus dextrose (Starch) was added. The diets were fed in different amounts to provide an isocaloric and isonitrogenous intake. From ovulation onward, sows within each dietary group were reassigned to either the Fat or the Starch diet. All sows were fed at 2 times maintenance ; CVB, 1994) from weaning to ovulation and at 1.25 times maintenance thereafter.
Sows were fed twice daily (0900 and 1700). Water was available for ad libitum consumption. During the whole experiment, feed refusals were collected once a day and analyzed for dry matter content.
Estrus Detection and Time of Ovulation
From d 3 to 9 after weaning, estrus detection was performed three times a day (0800, 1600, and 2400) in the presence of a mature boar, using the back pressure test. Sows not expressing estrus within 9 d after weaning were checked for corpora lutea by ultrasonography.
When only small follicles and no corpora lutea were found, sows were considered anestrous and removed from the experiment. Sows that ovulated without showing estrus (n = 3) were also removed from the experiment. The WEI was only calculated for the sows that came into estrus within 9 d after weaning. Only for the survival analysis, the sows that did not show estrus were also used in the calculations. Sows that exhibited estrus were inseminated each day of standing estrus with a commercial dose of semen containing 3 × 10 9 sperm cells. During estrus, the time of ovulation was assessed by transcutaneous ultrasonography at 8-h intervals.
Ovary, Uterus, Placentas, and Embryos
On d 35 after the last insemination, pregnant sows (confirmed by ultrasonography on d 24 to 28 after the last insemination) were slaughtered and their reproductive tracts were removed. The corpora lutea were dissected from the ovaries and total luteal weight was determined. Both uterine horns were separated from the mesometrium and opened at the anti-mesometrial side. The embryos were separated from their placentas and classified as viable or not viable (characterized as strongly hemolyzed amniotic fluid and[or] resorbed fetal membranes). The weight and crown-rump length of the embryos were measured. Embryonal survival was calculated as the number of viable embryos divided by the number of corpora lutea. After removal from the endometrium, individual placentas were weighed and the functional length (between the necrotic tips) was measured. After removal of the embryo-placental units, the weight and length of the uterine horns were determined.
Blood Sampling
On d 4 after weaning, one blood sample (10 mL) was taken by venipuncture in all sows at 1 h after the morning meal, because in a previous experiment (Van den Brand et al., 2000a ) the maximum insulin concentration was reached at 1 h after feeding. On d 32 (range 30 to 34) of pregnancy, one blood sample (10 mL) was again taken from all pregnant sows at 1 h after the morning meal. The blood samples were collected in icecooled polypropylene tubes containing 100 L of EDTA solution (144 mg/mL saline), placed on ice immediately after collection, and centrifuged at 2,000 × g for 10 min at 4°C. Plasma was stored at −20°C until analyses.
Plasma Analyses
The blood samples from the sows that consumed the total amount of feed offered within 1 h after feeding (d 4 after weaning: n = 35 for Fat, n = 22 for Starch; d 32 of pregnancy: n = 35 for Fat, n = 27 for Starch) were analyzed for glucose, insulin, and IGF-I concentrations.
Concentrations of glucose were determined spectrophotometrically in triplicate by the glucose oxidase-peroxidase anti-oxidase method using a commercial kit (GOD-PAP, Boehringer, Mannheim, Germany, no. 166391).
Plasma insulin concentrations were determined in duplicate by RIA using the procedure reported for ovine follicle-stimulating hormone (Erkens et al., 1992) with minor modifications. Porcine insulin (27.8 USP units/ mg; Sigma, St. Louis, USA, no. I5523), used for the preparation of tracer and standards (0.005 to 5.12 ng per tube), was dissolved in one volume of 0.01 M NaHCO 3 followed by four volumes of 0.5 M Na 2 HPO 4 with 0.02% (wt/vol) NaN 3 , pH 7.6, for a stock concentration of 120 g/mL. Columns of Sephadex G25-coarse (30 × 0.9 cm) and Sephadex G50-fine (90 × 1.6 cm) were used for the purification of iodinated insulin. Sample volume was 200 L. Guinea-pig anti-porcine insulin serum (Sigma, no. I8510) was used at a final dilution of 1:260,000. After incubation with a double-antibody solid phase (1 mL 1:8 diluted anti-guinea-pig suspension; IDS, Boldon, U.K., no. AA-SAC3), the precipitated antibody bound and the soluble free hormone were separated by centrifugation followed by supernatant aspiration. Detection limit was 0.035 ng/mL. Plasma dilution curves were parallel to the standard curve. Mean recovery of 0.32, 0.64, 1.28, and 2.56 ng of insulin standard added to 200 L of two plasma samples was 104, 99, 98, and 96%, respectively. Inter-(n = 7) and intraassay (n = 24) CV of a control sample with an insulin concentration of 1.31 ng/mL were 4.8 and 6.5%, respectively.
Plasma IGF-I concentrations were measured in duplicate by a validated RIA (J. H. F. Erkens, unpublished results), using rabbit anti-hIGF-I serum AFP4892898, obtained through NHPP, NIDDK, and A. F. Parlow. The inter-and intraassay CV were 6.8 and 3.8%, respectively.
Statistical Analyses
The statistical analyses were performed with the GLM procedure of SAS (SAS Inst. Inc., Cary, NC). Preliminary statistical analyses showed no interactions (P > 0.25) between treatments (diet before, diet after) for any of the dependent traits. Therefore, all the statistical models were reduced to the main effects (diet before, diet after, and batch).
To test the effects of dietary energy source before ovulation on the WEI, duration of estrus, weaning-toovulation interval, and ovulation rate, as well as plasma glucose, insulin, and IGF-I concentration on d 4 after weaning, the following model was used:
where Y ij = the dependent variable; = overall mean; diet before i = effect of dietary energy source before ovulation (i = Fat, Starch); batch j = effect of batch (k = 1 to 8); and e ij = residual error. For uterine, placental, and embryonic traits, as well as total luteal weight, plasma glucose, insulin, and IGF-I concentrations on d 32 of pregnancy, the following model was used:
where Y ijk = the dependent variable; = overall mean; diet before i = effect of dietary energy source before ovulation (i = Fat, Starch); batch j = effect of batch (j = 1 to 8); e1 ij = error term 1, which represent the random effect of diet before × batch; diet after k = effect of dietary energy source after ovulation (k = Fat, Starch); and e2 ijk = residual error. The effect of diet before was tested against error term 1. The effect of diet after was tested against the residual error.
To calculate relationships between traits, a covariate and its interactions with treatments were introduced into model 1 or 2. Thereafter, nonsignificant interactions and treatments were deleted from the model.
To calculate the risk that sows would not exhibit estrus within 9 d after weaning, Cox proportional hazard regression (survival analysis) was performed with STATA (Stata Statistical Software Release 5.0, Stat Corp., College Station, TX). In general, survival analysis is used to assess the effect of covariates that are measured at a specific point in time to help predict the future course of individual animals. This means that in the current study the occurrence of estrus within 9 d after weaning and the timing of estrus when sows came into estrus are combined. The sows that did not show estrus within 9 d after weaning were set to a WEI of 9 d. The percentage of sows exhibiting estrus within 9 d after weaning and the percentage of pregnant sows were compared with Fisher's exact test (SAS Inst. Inc.).
Results
Body Weight, Backfat Thickness, and Feed Intake
The sows farrowed at an age of 342 d (SD = 18). Average body weight and backfat thickness of the sows after farrowing were 170 kg (SD = 14) and 15.8 mm (SD = 2.9), respectively. The lactational body weight loss and backfat loss were 22 kg (SD = 10) and 2.4 mm (SD = 1.5), respectively. This was 13.0% (SD = 5.9) and 15.0% (SD = 8.7) of the body weight and backfat thickness at farrowing, respectively.
The sows that exhibited estrus within 9 d after weaning realized a feed intake before ovulation of 1.75 and 1.58 (SEM = 0.07; P = 0.09) times maintenance for Fat and Starch, respectively ( Table 2 ). The realized feed intake of pregnant sows after ovulation was 1.25 times maintenance for all sows.
WEI, Weaning-to-Ovulation Interval, Duration of Estrus, and Ovulation Rate
Sixty-seven sows expressed estrus within 9 d after weaning. Three sows (all on the Fat diet) ovulated without expressing estrus. The percentage of sows showing estrus within 9 d after weaning was 52 (n = 29) and 67% (n = 38) for Fat and Starch, respectively (P = 0.11). Average WEI was 134 and 123 h (P = 0.12, Table 2) for the sows fed the Fat and Starch diet, respectively. Cox proportional hazard regression showed that the sows fed the Fat diet had a 1.6 higher risk to remain anestrous until d 9 after weaning than the sows fed the Starch-rich diet (P = 0.04; Figure 1) . No significant effect of dietary energy source before ovulation on the duration of estrus, weaning-to-ovulation interval, or ovulation rate was found (Table 2) .
Overall, the sows not showing estrus within 9 d after weaning had a lower backfat thickness at farrowing (14.9 vs 16.4 mm; SEM = 0.4; P = 0.008) and at weaning (12.6 vs 14.0 mm; SEM = 0.4; P = 0.008) than the sows that expressed estrus within 9 d after weaning. No difference in body weight or body weight loss was found between the two categories of sows.
Uteri, Fetuses, and Placentas
Five sows returned to estrus after insemination. All these sows were fed the Fat diet before ovulation, and four of these sows were fed the Starch diet after ovulation. The percentage of weaned sows that were pregnant on d 35 after the last insemination was 43 and 67% for the sows that received the Fat and Starch diet before ovulation, respectively (P = 0.02).
Dietary energy source, either before or after ovulation, failed to affect uterine, placental, or embryonic traits (Table 3) . Only the Starch-rich diet before ovulation resulted in a higher total luteal weight than the Fat-rich diet (7.0 vs 6.2 g; P = 0.04). This difference remained after correction for the ovulation rate (6.9 vs 6.2 g; SEM = 0.2; P = 0.04).
Glucose, Insulin, and IGF-I
Blood values of glucose, insulin, and IGF-I on d 4 after weaning and d 32 of pregnancy are presented in Table 4 . Plasma glucose and IGF-I concentrations, both before and after ovulation, were not affected by dietary energy source. The plasma insulin concentration in sows fed the Starch diet tended to be higher on d 4 after weaning than in sows fed the Fat diet (1.30 vs 0.97 ng/mL; P = 0.08). On d 32 of pregnancy this difference was significant (1.20 vs 0.51 ng/mL, P < 0.001, for the Fat and Starch diet, respectively). When blood values were corrected for feed intake before ovulation, data remained consistent.
Relationships Between Body Weight or Backfat and Reproductive Traits
A higher lactational body weight loss resulted in a prolonged WEI (β = 0.73 h/kg; R 2 = 0.14; P = 0.03), and also a higher backfat loss was associated with an extended WEI (β = 4.7 h/mm; R 2 = 0.14; P = 0.04). Few relationships between body weight (loss) or backfat thickness (loss) and uterine, placental, or embryonic traits were found. Only a positive association was found between luteal weight and body weight at weaning (β = 0.03 g/kg; R 2 = 0.17; P < 0.001) and between luteal weight and backfat thickness at weaning (β = 0.14 g/ mm; R 2 = 0.11; P = 0.01).
Relationships Between Glucose, Insulin, or IGF-I and Reproductive Traits
Plasma IGF-I concentration on d 32 of pregnancy was negatively related with average placental weight (β = −0.25 gؒng ; R 2 = 0.27; P = 0.04). These relationships remained after correction for the number of embryos. Plasma glucose and insulin levels, either on d 4 after weaning or d 32 of pregnancy, were not associated with any of the reproductive traits. Overall, plasma glucose concentration on d 4 after weaning was higher in sows showing estrus within 9 d after weaning than in anestrous sows (106.6 vs 98.9 mg/100 mL; SEM = 2.0; P = 0.009).
Discussion
The present study demonstrated that plasma insulin concentration can be enhanced by feeding a starch-rich diet. This is in accordance with findings of Ponter et al. (1991) and Van den Brand et al. (2000a) . Van den Brand (2000) demonstrated that the plasma IGF-I level during lactation also can be enhanced by feeding a starch-rich diet but that the positive effect of a starchrich diet on the IGF-I was lacking when the diet was fed after weaning. This is in accordance with the findings in the present study.
In the present experiment, the risk that sows would not show estrus within 9 d after weaning was higher in sows fed the Fat-rich diet than in sows fed the Starchrich diet. These effects of postweaning dietary energy source on the combination of occurrence and timing of estrus is somewhat unexpected. Pulsatility of LH directly after weaning seems to be an important determinant of the WEI, which is positively related with the LH pulse frequency during lactation (Shaw and Foxcroft, 1985; Zak et al., 1998) . In the present experiment all sows received the same diet during lactation. This suggests that the effect of LH pulse frequency during lactation is not the only factor affecting subsequent WEI. It can be suggested that when the LH pulsatility after weaning is high and also a good follicle pool is available, postweaning nutrition will not affect the WEI. When the LH pulse frequency after weaning and(or) the follicle pool is suboptimal, nutrition could play a role in the stimulation of postweaning LH secretion and therefore in follicle recruitment and return to estrus. In the present study the percentage of sows showing estrus within 9 d after weaning was low, which suggests that postweaning LH pulsatility was not optimal. Because the Starch-rich diet enhanced the plasma insulin concentration and insulin is positively associated with LH pulse frequency (Tokach et al., 1992; Koketsu et al., 1996; Quesnel et al., 1998) a positive effect of the Starch-rich diet on WEI can be expected. This could be the reason that a higher percentage of postweaning flushed sows showed estrus (Fahmy and Dufour, 1976; Carroll et al., 1996) .
The relatively low percentage of sows exhibiting estrus within 9 d after weaning is probably caused by 1) the relatively low feed intake after weaning, probably due to the switch from liquid feed during lactation to solid feed after weaning and(or) 2) the relatively high lactational body weight loss of the sows. Sows lost on Vesseur et al. (1994) showed that in primiparous sows with more than 12.5% of body weight loss during lactation, 43.4% of the sows did not show estrus before d 15 after weaning. This is comparable to the 41% of sows that did not express estrus before d 9 after weaning in the present study.
In the present study, feed intake before ovulation tended to be lower in the sows fed the Starch-rich diet than in the sows fed the Fat-rich diet, probably due to the higher percentage of sows showing estrus (and largely being off feed in that period). If feed intake before ovulation would have been similar between the two diets, larger differences in WEI between dietary energy sources might have been found.
Although plasma insulin levels were higher in sows fed the Starch-rich diet, no increase in ovulation rate was found. The enhancement of insulin by feeding starch-rich diets in the present study may not have been large enough to increase ovulation rate. Cox et al. (1987) gave exogenous insulin injections to gilts and found an increased ovulation rate. It seems that a higher concentration of insulin is necessary to stimulate ovulation rate than physiologically can be reached by dietary factors.
Effects of dietary energy source on uterine, placental, and embryonal development were not extensively in- vestigated. Grandhi (1988 ), Perez Rigau et al. (1995 , and Van den Brand et al. (2000b) found no effect of feeding either a fat-rich or a starch-rich diet during early pregnancy on development of uteri, placentas, or embryos, in accordance with the results of the present study. The higher luteal weight in sows fed the Fatrich diet before ovulation is difficult to explain. It seems that the insulin-stimulating diet did not have a strong effect on development of uteri, placentas, or embryos in primiparous sows. Few relationships between insulin or IGF-I concentration and uterine, placental, and embryonal traits were found. This is in agreement with results found by Van den Brand et al. (2000b) . The relatively strong relationship between IGF-I concentration and placental size remained consistent after correction for the number of viable embryos. Whether this relationship has a physiological background is not clear.
Implications
From the present experiment it can be concluded that feeding a starch-rich diet from weaning to ovulation, compared to a fat-rich diet, enhances plasma insulin concentration and decreases the risk that sows will remain anestrous until d 9 after weaning. Dietary energy source fed from weaning to ovulation or in early preg-
